Using a case-control design, the authors studied female residents of five Massachusetts towns between 1983 and 1986. The objective was to measure the associations between breast cancer occurrence and exposure to active and passive cigarette smoke. Until recently, exposure to tobacco smoke has not been thought to cause breast cancer. Novel perspectives on measuring the association of tobacco smoke with the occurrence of breast cancer and studies of genetically susceptible populations argue for further investigation. In this study, the authors found that ever-active smokers had an odds ratio of 2.0 (95 percent confidence interval (Cl) 1.1-3.6) when compared with never-active, never-passive smokers. Women who smoked only before their first pregnancy (odds ratio = 5.6, 95 percent Cl 1.5-21) and women who quit smoking 5-15 years before their index year (odds ratio = 3.9, 95 percent Cl 1.4-10) were at the highest risk. Passive-only smokers had an odds ratio of 2.0 (95 percent Cl 1.1-3.7) when compared with never-active, never-passive smokers. Among those women who were exposed to passive smoke before age 12 years, the odds ratios were 4.5 (95 percent Cl 1.2-16) for passive-only smokers and 7.5 (95 percent Cl 1.6-36) for ever-active smokers. Women who were first exposed to passive smoke after age 12 years had lower, although still elevated, odds ratios. The pattern of associations between exposure to cigarette smoke and the occurrence of breast cancer comports with a model of breast carcinogenesis. Am J Epidemiol 1999;149:5-12.
The well-established risk factors for breast cancer offer few opportunities for intervention and account for less than half of all breast cancer cases (1) . Most involve aspects of a woman's reproductive course that are intimately related to her lifestyle and culture (difficult to predict and thus to change) or are currently immutable (e.g., genotype). Were tobacco smoke a cause of breast cancer, changing a woman's exposure to it would present an opportunity for meaningful preventive intervention. However, until recently, exposure to tobacco smoke has not been thought to cause breast cancer (2) . Novel perspectives on measuring the association of tobacco smoke with the occurrence of breast cancer (3) and studies of genetically susceptible populations exposed to tobacco smoke (4-6) argue for further investigation.
Few breast cell mutagens have been identified, but estrogen-induced mitogenesis has been well characterized (7) . To cause cancer, mutagenesis must occur while breast tissue is susceptible and prior to mitogenesis. As depicted in figure 1, breast tissue development and differentiation determine its susceptibility to mutagenesis; breast cells derived from type 1 or type 2 lobules are susceptible to chemical mutagens before menopause occurs, but breast cells derived from type 3 lobules are immune to the mutagens that have been tested thus far (8) .
This model suggests that the time period of exposure to breast carcinogens ought to determine susceptibility to carcinogenesis. Before menopause occurs, when the proportion of type 1 or type 2 lobules is high, breast tissue exposed to mutagenic events should be susceptible. Promotion of the exposed and susceptible tissue by mitogenic estrogen compounds should further increase the risk of tumor development (9) , whereas inhibition of mitogenesis should reduce the risk (7) .
In epidemiologic studies of breast cancer etiology, the definitions of index and reference conditions should reflect this model of breast carcinogenesis. For example, the timing of exposure to tobacco smoke relative to milestones of breast tissue development may be important in defining exposure (figure 1). Early exposure, especially before a woman's first term pregnancy, may cause breast cancer as a result of genotoxic mechanisms (10) , whereas later exposure may prevent breast cancer because of an antiestrogenic effect of tobacco smoke (11, 12) . On balance, lifelong exposure may enable these effects to cancel. Also, definitions of index and reference conditions should take into account exposure to both active and passive smoking (13) .
Before conducting the present analyses, we hypothesized index conditions for active and passive exposure to cigarette smoke that would cause breast cancer while the breast tissue contains primarily type 1 and type 2 lobules or those that would prevent breast cancer as a result of antiestrogenic mechanisms during later stages of breast tissue development. These careful definitions of exposure to tobacco smoke revealed associations with the risk of breast cancer that would have been obscured by using simpler definitions.
MATERIALS AND METHODS
Our data collection methods have been described in detail elsewhere (14) . Briefly, from 1983 to 1986, we identified 334 incident cases of breast cancer that occurred among permanent female residents of five Massachusetts towns and were reported to the state cancer registry. We used three methods to select a single set of female controls from the base population of permanent residents of the towns during 1983-1986. First, we used random-digit dialing to select an age- Trained interviewers conducted structured interviews to obtain information on demographic characteristics, smoking, medical conditions, and reproductive events. Of the original 334 breast cancer cases identified, 33 were never found, 6 were ineligible to participate, and 30 could not be interviewed because physicians refused to allow us to contact them. Thus, we interviewed 265 cases. We interviewed 75 percent of eligible random-digit-dialing controls, 76 percent of eligible Health Care Financing Administration controls, and 79 percent of eligible next-of-kin controls, yielding a total of 765 interviewed controls. We conducted 86 percent of all interviews by telephone and the remainder in person. Each case's index year was set as the year of breast cancer diagnosis. We randomly assigned an index year to controls so the distribution of index years for controls matched that for cases.
We categorized cases and controls by three types of exposure to cigarette smoke: any history of active cigarette smoking (ever-active smokers), any history of passive exposure to cigarette smoke in the residence but no history of active cigarette smoking (passiveonly smokers), and no history of active cigarette smoking or passive exposure to cigarette smoke in the residence (nonsmokers, the reference condition throughout). We did not measure exposure to passive cigarette smoke outside of the residence.
To measure the association between first exposure to active cigarette smoking and the occurrence of breast cancer, we divided ever-active smokers into categories by their age at first exposure in one analysis and by their first term pregnancy in a second analysis. We also categorized ever-active smokers by their duration of smoking in years and by their usual intensity of smoking in number of cigarettes smoked per day. To measure the association between smoking cessation and the occurrence of breast cancer, we grouped everactive smokers according to the number of years between cessation and the index year.
To measure the association between first exposure to passive smoke and breast cancer occurrence, we divided passive-only smokers into categories demarcated by their age at first exposure in one analysis and by their first term pregnancy in a second analysis. We created categories of age at first exposure to correspond to milestones of breast tissue development. The initial category included women whose first exposure occurred before age 12 years or before the onset of puberty. In the present study, 90 percent of the 446 controls whose age at menarche was known were aged 12 years or older at menarche. The second category included women whose first exposure occurred between age 12 and 20 years, the typical period of breast tissue development. The third category included women whose first exposure occurred at age 21 years or older, after breast tissue development but not necessarily before their first pregnancy. In the present study, 81 percent of the 551 controls with at least one term pregnancy had their first term pregnancy at age 21 years or older. We also grouped passive-only smokers by their total duration of exposure to passive smoking. Finally, we measured the association between passive smoking and breast cancer occurrence among ever-active smokers. To do so, we divided ever-active smokers into the same categories of age at first exposure to passive smoke as those described above for passive-only smokers.
Unless otherwise specified in the tables in this paper, we adjusted the odds ratios for confounding by age (<50, 50-59, 60-69, 70-79, or >80 years at index year), parity (0, 1, 2, or >3 term pregnancies), family history of breast cancer (whether or not the mother or a sister had breast cancer), body mass index (<19, 19-25, or >25 kg/m 2 based on self-reported usual adult body weight), history of benign breast disease, history of breast cancer other than the index diagnosis, and history of radiation therapy. Controlling for these confounders influenced the odds ratios by 10 percent or more in at least one analysis. We considered but did not control for age at first birth, hormone replacement therapy, or menopausal status at index year, because controlling for these potential confounders did not influence the odds ratios by 10 percent or more after we controlled for the confounders listed above.
We used the exposure odds ratios to estimate the relative risks. We estimated the adjusted odds ratios and their corresponding 95 percent confidence intervals by using multivariate logistic regression.
RESULTS
The distribution of selected demographic characteristics and confounding variables among the cases and controls is shown in table 1. Approximately 90 percent of the cases and controls were postmenopausal, so the following results may not apply to premenopausal women.
Active cigarette smoking
Ever-active smokers had an adjusted odds ratio of 2.0 (95 percent confidence interval (CI) 1.1-3.6) when compared with nonsmokers (table 2). The odds ratios of breast cancer declined with increasing intensity and duration of ever-active smoking consistent with an antiestrogenic mechanism, although the overall trend was weak.
The association between smoking and breast cancer risk depended on whether women smoked before or after their first pregnancy. Women who smoked only before their first pregnancy had an odds ratio of 5.6 (95 percent CI 1.5-21). Women who smoked only after their first pregnancy had an odds ratio of 2.1 (95 percent CI 1.1-4.0). Women who began to smoke before their first pregnancy and continued to smoke after their first pregnancy did not share the elevated odds ratio (odds ratio = 1.1, 95 percent CI 0.6-2.0). The association between smoking and breast cancer risk did not depend on the age at which active smoking began, so this variable could not be considered a surrogate measure for initiation and termination of smoking prior to the first pregnancy.
Women who quit smoking less than 5 years before their index year or were smoking during their index year had an odds ratio of 2.3 (95 percent CI 0.8-6.8).
Women who quit smoking 5-15 years before their index year, the period during which estrogen promotion of smoking-initiated breast cancer may be most potent, had an odds ratio of 3.9 (95 percent CI 1.4-10). Women who quit smoking more than 15 years before their index year had an odds ratio of 2.2 (95 percent CI 1.0-4.9).
Passive-only cigarette smoking
Passive-only smokers had an adjusted odds ratio of 2.0 (95 percent CI 1.1-3.7) (table 3). This odds ratio for passive-only smokers approximately equals that for ever-active smokers, which emphasizes the importance of using never-active, never-passive smokers as the reference population. Had the never-active, neverpassive smokers been combined with the passive-only smokers to form the reference group, the odds ratio associated with ever-active smoking would have been 1.2 (95 percent CI 0.8-1.7).
The odds ratios of breast cancer varied inversely with the duration of exposure to passive smoke. Passive smokers who lived with an active smoker for 20 or fewer years had an odds ratio of 3.2 (95 percent CI 1.5-7.1). Those who lived with an active smoker for more than 20 years had an odds ratio of 2.1 (95 percent CI 1.0-4.1).
The odds ratios for passive-only smokers did not depend on whether their exposure preceded or followed their first pregnancy, as did the odds ratios for ever-active smokers. However, an earlier age at first exposure to passive smoke did confer an elevated odds ratio of breast cancer. Women who were first exposed to passive smoke before age 12 years, between age 12
Am J Epidemiol Vol. 149, No. 1, 1999 and 20 years, or at age 21 years or older had odds ratios of 4.5 (95 percent Cl 1.2-16), 3.8 (95 percent Cl 1.1-13), and 2.4 (95'percent Cl 0.9-6.1), respectively. We measured the same relation among women who were ever-active smokers and who lived with another active smoker. In this group, women who were first exposed to passive smoke before age 12 years, between age 12 and 20 years, or at age 21 years or older had odds ratios of 7.5 (95 percent Cl 1.6-36), 3.9 (95 percent Cl 0. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , and 4.7 (95 percent Cl 1.6-14), respectively.
DISCUSSION
The effect of tobacco smoking on the occurrence of breast cancer has been the topic of some debate. Its effect on the occurrence of other cancers is well known, yet most studies (2, (15) (16) (17) (18) (19) of the association between smoking and breast cancer have shown either a weakly positive or a null effect. Two studies (20, 21) found a protective effect. A direct association between passive tobacco smoking and the occurrence of breast cancer has been observed more consistently (3, 10, 13) . A recent series of letters in the Journal (22) (23) (24) suggested that the disparate association between active smoking and breast cancer occurrence may arise from the failure to exclude passive smokers from the reference group in most studies, from differential distribution of genetically susceptible subpopulations across the studies, or both.
A previous study (3) that also separated active and passive smokers measured an excess risk of breast cancer among both ever-active smokers and passive-only smokers. The definitions of index conditions used in the earlier study preclude direct comparison with our results.
Our study found that passive exposure to cigarette smoke appears to affect the first stage of breast carcinogenesis. First exposure at an age prior to breast tissue development confers the highest risk. First exposure during adolescence or as a young adult confers an intermediate risk, and first exposure as an adult confers the lowest risk. This pattern of declining risk with age at first exposure to passive smoke likely reflects the declining susceptibility of breast tissue to chemical mutagens, as depicted in figure 1 . Age at first exposure to active cigarette smoking did not reflect the same pattern, possibly because few women were active smokers when their breast tissue was most susceptible.
The risks from first being exposed to passive smoke at an early age then declined with the duration of exposure to passive cigarette smoke and the intensity of exposure to active cigarette smoking. Furthermore, women whose entire exposure to active cigarette smoking preceded their first pregnancy were at the highest risk. Their breast tissue would have been susceptible to mutagenesis while they smoked and would not have benefitted from an antiestrogenic effect with later exposure to cigarette smoke. Women who began to smoke before their first pregnancy and continued to smoke after their first pregnancy did not share the elevated risk. Finally, women who quit smoking during a plausible induction period of 5-15 years before diagnosis, when estrogen might play an important role in breast cancer promotion, also had a higher risk.
These measurements might be attributable to alternative explanations. We ascertained exposure by retrospective survey, so the study design was susceptible to recall bias. However, the substantial associations that were found were within the strata defined by time periods calculated from a series of responses. We do not expect these derived exposures to be susceptible to recall bias. Furthermore, neither active nor passive exposure to cigarette smoke has been closely related to breast cancer risk, so recall of exposure should not depend on disease status. However, the widely held perception that smoking causes cancer may contribute to some disease-dependent recall of exposure to tobacco smoke.
We considered whether misclassification of passive smoking might account for the measurements that we observed. We did not determine whether respondents were exposed to passive smoke in the workplace. The reference population of never-active, never-passive smokers may have included respondents who were exposed to passive smoke in the workplace, primarily as adults. Workplace exposure of the reference group to passive smoke could have been antiestrogenic, reducing the risk of breast cancer and biasing the odds ratios away from the null value. To reach this conclusion, it would be necessary to assume that exposure to passive smoke in the residence is inversely related to the frequency of exposure to passive smoke in the workplace. If workplace exposure to passive smoke were similarly divided between those with a history of passive smoking in the residence and those without such a history, then no differential bias would exist.
Model misspecification provides another opportunity for misclassification. In many analyses, we included a term for duration of exposure to passive smoke, dura-tion of active smoking, and/or intensity of active smoking. These terms all indicated a downward trend in the odds ratios with increasing exposure. We interpret this downward trend as a measure of the antiestrogenic potency of cigarette smoke. Under these models, those women whose duration of smoking was 0 years and whose intensity of smoking was 0 cigarettes per day would have the highest risk, which is not logically possible. We expect that some minimum exposure must be necessary to confer the initial risk, which is then mitigated by an antiestrogenic effect. These data are not sufficient to measure the minimum exposure necessary. The associations between breast cancer occurrence and age at first exposure to passive smoke persisted, although they were reduced, in models with no measure of duration or intensity of exposure.
Many participants, particularly those who had proxy respondents, could not be characterized according to some covariates. For example, we did not know the age at menarche for 407 of 1,028 women or the age at menopause for 254 of 934 postmenopausal women. Age at menopause depends on smoking status (12), so we would not have adjusted our odds ratios for confounding by that variable in any event. Adjusting for premenopausal or postmenopausal status at index year had no effect on the odds ratios. We adjusted for age at menarche in the subset of 621 women for whom this information was reported; the odds ratios migrated away from the null value. However, the odds ratios increased for this subset of women relative to the odds ratios measured in the complete data set, whether or not the measure of age at menarche was included. This finding suggests that the changes in estimated associations are more properly attributable to selection of the subset of subjects than to control of confounding by age at menarche.
The level of precision was low for some measures of association. The widest 95 percent confidence interval that did not include the null value was 1.6-36. It applied to the odds ratio of 7.5 estimated for everactive smokers who were first exposed to passive smoke before age 12 years. If the odds ratios were null, the interval would have been 0.2^.8, which is still wide. This imprecision, in combination with a coherent picture of effects based on underlying biology, the known carcinogenic effect of cigarette smoking, and its observed antiestrogenic potency, emphasizes the importance of examining these exposures in larger studies.
Should the measurements described in this paper prove to be valid and accurate, then certain implications would merit consideration. Tarone et al. (25) measured a downward trend in US breast cancer mortality rates for all birth cohorts beginning in about 1940. They explained that the downward trend shows a change in the prevalence of a causal or protective risk factor other than those already identified. Our data suggest one possible explanation. The unidentified factor may be the antiestrogenic potency of tobacco smoke among women with a lifelong history of either active smoking or exposure to passive smoke. However, as ex-smokers become more prevalent and active smokers less prevalent (26), women will be exposed to only the initiating stages of active and passive cigarette smoke, and the birth cohort trend may reverse direction.
The odds ratios measured in this study, although imprecise, comport with an underlying biologic model of breast carcinogenesis. Cigarette smoking causes cancer in organs not in direct contact with smoke (27) , but it may also be antiestrogenic (11, 12) . Taken together, these observations suggest both a real association and a need for further examination of the relation between exposure to cigarette smoke and the occurrence of breast cancer. Future studies might focus on segregation of the effects of passive smoking and active smoking, the minimum duration and intensity of active and passive smoking necessary to initiate breast carcinogenesis, the interaction between time period of exposure and milestones of breast tissue development, or the precise time period before diagnosis when women are the most susceptible to quitting smoking.
